We have developed a tunneling theory to describe the temperature dependence of tunneling magnetoresistance (TMR) of the magnetic tunnel junctions (MTJs) with periodic grating barrier.
I. INTRODUCTION
Magnetic tunnel junctions (MTJs) have received considerable attention for many years.
They can be applied to the promising spintronic devices such as high-density magnetic reading head [1] . Early experimental studies were limited within the MTJs of amorphous aluminum oxide (Al-O) barriers. In 2001, W. H. Butler et al. [2] predicted theoretically that, if MgO single crystal is used to prepare the MTJ barrier, the tunneling magnetoresistance (TMR) can acquire a very high value. The prediction was verified soon by S. S. P. Parkin et al. [3] and S. Yuasa et al. [4] . Since then, the MgO-based MTJs have been widely investigated over the last decade [5] [6] [7] [8] [9] [10] [11] [12] [13] . One of the most important and distinguished properties of MgO-based MTJs is that the parallel resistance (R P ), the antiparallel resistance (R AP ), and the TMR all oscillate with the barrier thickness [4, [10] [11] [12] [13] , which is radically different from the case of Al-O-based MTJs where no such oscillation is found. Those oscillations have already been well interpreted by the spintronic theory developed previously by us [14] . The theory is founded on the traditional optical scattering theory [15] . Within it, the barrier is treated as a diffraction grating with intralayer periodicity. It is found that the periodic grating can bring strong coherence to the tunneling electrons, the oscillations being a natural result of this coherence. Besides the oscillations, the theory can also explain the puzzle why the TMR is still far away from infinity when the two electrodes are both half-metallic.
Experimentally, there is another important property for MgO-based MTJs, that is, the temperature dependences of the R P , R AP and TMR. It is found that, as usual, the TMR will decrease when the temperature of the system increases. However, the decrease of TMR with rising temperature is mostly carried by a change in the R AP . The R P changes so little that it seems roughly constant, if compared to the R AP [3, [16] [17] [18] [19] [20] [21] [22] [23] . Theoretically, the modified version of the magnon excitation model [24] is at hand for the mechanism of the above temperature dependence. However, this model can not explain the TMR oscillation on the thickness of MgO barrier. Physically, that is because it dose not include the effect of the periodicity of the single-crystal barrier which plays a key role in the scattering process when the electrons tunnel through the barrier. Based on this reason, we would like to extend our previous theory to interpret the temperature dependences of the R P , R AP and TMR of MgO-based MTJs.
As well known, the MgO-based MTJs are fabricated through epitaxial growth. Hence there will be lattice mismatch and interfacial defects between the barrier and its neighbouring layers. Obviously, both of them can cause some lattice distortion to the barrier. The influences of this lattice distortion have been investigated widely by the experiments [4, 25, 26] . In particular, Ref. [25] discovers that, if the MTJ is annealed, the R AP will increase with raising of strain, which is much more sensitive than the R P , and if it is non-annealed, the R AP will unchange with the strain. In addition, Ref. [26] finds that the lattice distortion can modify the band gap of the MgO barrier. Based on those facts, we shall take into account the effect of the lattice distortion of the barrier upon the R P , R AP and TMR within the framework of our previous work. Our aim is to interpret theoretically the temperature dependences of the R P , R AP and TMR of MgO-based MTJs. As will be seen in the following, this effect can account for the temperature dependences of the R P , R AP and TMR of MgObased MTJs.
II. METHOD
To begin with, let us consider a MTJ consisting of a perfect single-crystal barrier. As in Ref. [14] , we suppose that the atomic potential of the barrier is v(r), and that the total number of the layers of the barrier is n. Then, the periodic potential U(r) of the barrier can be written as
where R h is a two-dimensional lattice vector of the barrier: R h = l 1 a 1 + l 2 a 2 , with a 1 and a 2 being the primitive vectors of the atomic layers, and l 1 and l 2 the corresponding integers.
The a 3 is the third primitive vector of the barrier, with l 3 the corresponding integer. Letting e z = a 1 × a 2 /|a 1 × a 2 |, we shall set e z point from the upper electrode to the lower one, which is antiparallel to the direction of the tunneling current. Now, let us consider the effect of the lattice distortion of the barrier. Physically, the periodic potential U(r) of the barrier will be modified by the lattice distortion, as shown by
Ref. [26] . In order to elucidate the effect of the distortion on the potential U(r), we would employ the Patterson function approach, which is a standard and very powerful method for studying the diffraction by imperfect crystals [15] . Within the framework of two-beam approximation [14, 15] , this leads to that the Fourier transform v(K h ) of the atomic potential undergoes a modification as follows,
where K h is a planar vector reciprocal to the intralayer lattice vectors R h , σ is the defect concentration, α represents the effect of strain of the barrier [15] , and v 0 (K h ) is the Fourier transform of the atomic potential of ideal perfect barrier,
Here, Ω is the volume of the primitive cell of the barrier:
With regard to the strain α, Ref. [27] has studied it both experimentally and theoretically on some oxide heterostructures, it is found that, within the low temperature region, the strain decreases linearly with temperature T as follows,
where α 0 is the strain of the oxide film at zero temperature, and T c is the recovery temperature above which the strain disappears. Generally, T c is around 800 K. As pointed in Ref.
[27], this result can be applied to other oxide heterostructures. Therefore, we would like to employee it to handle the strain of MgO barrier. As to the defect concentration σ, it should be independent on the temperature because the energy to excite defects within a lattice is too high.
Combining the Eqs. (2) and (4) above, we obtain
This equation builds the relationship between the Fourier transform v(K h ) of the atomic potential of realistic imperfect barrier and the temperature T . Now, according to Ref. [14] , the transmission coefficient for the channel of the spin-up to spin-up tunneling reads as follows, where k is the incident wave vector of tunneling electrons, and k z its z-component, d is the thickness of MgO barrier, and
Here, k h is the planar component of k. Since v(K h ) is a function of T now, the transmission coefficient T ↑↑ (k) will also be a function of T . That is to say, the tunneling process will vary with temperature.
From T ↑↑ , the conductance G ↑↑ for the channel of the spin-up to spin-up tunneling can be obtained as follows,
where e denotes the electron charge, θ the angle between k and e z , ϕ the angle between k h and a 1 , and k F ↑ the Fermi wave vector of the spin-up electrons. Here, we have ignored the effect of temperature on the Fermi-Dirac distribution of the electrons of ferromagnetic electrodes, which is fairly weak in the present case because T ≤ 400 K ≪ T F where T F > 10 4 K is the Fermi temperature for either of the electrodes. Since T ↑↑ is a function of T , the above equation shows that G ↑↑ will depend on the temperature, too.
The other three conductances, G ↑↓ , G ↓↑ , and G ↓↓ , can be obtained similarly. With them, one can get
With the same reason as for G ↑↑ , G ↑↓ , G ↓↑ , and G ↓↓ will also depend on the temperature of the system. Physically, that arises from the fact v(K h ) varies with temperature, as shown in Eq. (5). In a word, the four conductances, G ↑↑ , G ↑↓ , G ↓↑ , and G ↓↓ , as well as the TMR will all changes with the variation of temperature T .
The rest calculations are analogous to the Ref. [14] . The parameters of the ferromagnetic electrodes are chosen as follows: the chemical potential µ is 11 eV, the half of the exchange splitting ∆ for the ferromagnetic electrodes is 10 eV, and the Fourier transform of the atomic potential of the ideal perfect barrier v 0 (K h ) is set to be 15.3 eV.
dependence of v(K h ) on K h · α 0 . It can be seen that v(K h ) decreases monotonously from 16.2 eV to 14.1 eV when K h · α 0 increases from π/6 to π/2. Combining the Figs. 3 and 1, one can easily deduce that the amplitude of R AP is much larger than that of R P . As to the annealed MTJ of Ref. [25] , it shows that the R AP increases with raising of strain, that can be explained if the strain lies within the range from π/6 to 1.14 in Fig. 2(a) . Of course, if the strain can overcome the region, the R AP would be experimentally expected to decrease or even oscillate with variation of strain. On the other hand, if the MTJ is nonannealed, the barrier of non-annealed MTJ is not well crystallized, the interference arising from the diffraction by the barrier will disappear. Therefore, the R AP will unchange with the strain. In other words, the R AP can not oscillate with the strain. As such, the theoretical results explain the experiments of Ref. [25] : For the annealed MTJ, the R AP is significantly more sensitive to the strain than the R P ; for non-annealed MTJ, both the R P and R AP are not sensitive to the strain. Figure 2 (b) displays the temperature dependence of R P and R AP under different strains. Evidently, both R P and R AP become more sensitive to the temperature when the strain goes larger. That can be easily understood from Eq. (5): The larger the strain is, the more sensitive to the temperature the v(K h ) will be.
Secondly, we shall study the effect of σ on R P and R AP . The results are shown in 
Equation (9) shows that there is a linear relationship between v(K h ) and σ. With the present parameters, the slope is very small, therefore, the v(K h ) will change little with σ. Figure   4 (b) displays the temperature dependences of R P and R AP with different σ. Evidently, the larger the σ, the more sensitive to temperature the R P and R AP . It comes from the fact that the larger the σ, the more sensitive to the temperature the v(K h ), as can be easily seen from Eq. (9).
Thirdly, we will discuss the effect of T c on R P and R AP . The theoretical results are shown in Fig. 6 where T c varies from 600 K to 1000 K, K h · α 0 = π/3, σ = 0.08, and d = 1.5 nm.
Figure 6(a) shows the dependence of R P and R AP on T c when temperature is at 10 K. It can be seen that both R P and R AP are nearly independent on T c . This can be interpreted from The result can be easily understood from Eq. (5): The larger the T c , the less sensitive to the temperature the v(K h ).
Finally, we will compare our theory with experiments. As stated above, the most fundamental feature discovered by the experiments is that the decrease of TMR with rising temperature is mostly carried by a change in the R AP , and the R P changes so little that it seems roughly constant, if compared to the R AP . In order to reproduce this feature, we draw up Fig. 8 to show the temperature dependences of the R P , R AP and TMR where On the other hand, we also calculate the influence of temperature on the TMR oscillations.
The result are shown in Fig. 9 where K h · α 0 = π/3, σ = 0.08, and T c = 800 K. Figure   9 indicates that both the amplitude and period decrease weakly with temperature. This can be understood as follows. When temperature varies from 10 K to 300 K, v(K h ) will vary correspondingly from 15.3 eV to 16 eV. As pointed out in Ref. [14] , the amplitude and period of TMR will both decrease as v(K h ) increases. This means that the weak decrease of the amplitude and period roots from the small variation of v(K h ), from 15.3 eV to 16 eV.
This theoretical result is in agreement with the experiments [4, 12] .
V. CONCLUSION
So far, we have developed a tunneling theory to study the temperature effects of the MTJ with periodic grating barrier. The theory is an extension of our previous work where the barrier is treated as a diffraction grating with intralayer periodicity. Physically, the extension is done mainly through the so-called Patterson function approach. Within the framework of this extension, one can easily take into account the influence of the lattice distortion of the barrier on the tunneling process of the electrons. We find that the distortion can account for the temperature effects of the MTJ with periodic grating barrier.
Theoretically, the distortion of the lattice of the barrier can be described by the defect concentration and the strain, they can both modify highly the scattering potential of the barrier. Although the defect concentration is nearly independent on the temperature, the strain depends strongly upon the temperature of the system. As a result, with the thermal activation of the scattering potential of the barrier, the tunneling process of the electrons will be highly changed by the temperature of the system, that is just the origination of the temperature effects of the MTJ with periodic grating barrier. With this mechanism, the R P , R AP and TMR can all oscillate with the variation of temperature. For a certain concrete range of temperature, the three can occur as increasing, decreasing, or oscillating with temperature. As such, the theory can explain the experiments on the MgO-based MTJs: First, it reproduces the most fundamental feature of the temperature effects: The decrease of TMR with rising temperature is mostly carried by a change in the R AP , and the R P changes so little that it seems roughly constant, if compared to the R AP . Second, it shows that both the amplitude and period of oscillation of the TMR with regard to the barrier thickness decrease weakly with temperature. And third, it demonstrates that, for the annealed MTJ, the R AP is significantly more sensitive to the strain than the R P , and for non-annealed MTJ, both the R P and R AP are not sensitive to the strain.
Recently, Hu and co-workers [28] find an interesting result of the MgO-based MTJs with Co 2 MnSi electrodes. One can easily see from the Fig. (4) of Ref. [28] that the R P oscillates with the temperature, but the R AP dose not. Here, it is worth noting that the situation of Co 2 MnSi electrodes is much distinct from the case considered in this paper because Co 2 MnSi is half-metallic but the present electrodes are conventional. In order to discuss this intriguing property, one needs further to take into account the half-metallic characteristics of the electrodes. We believe that it can be interpreted within the framework of our model. The work is in progress and will be published elsewhere. 
